Here we report the genomic cloning and characterization of the murine A1 genes, which belong to the bcl-2 gene family. Southern analysis indicated the existence of at least four A1 genes in the murine genome and four different A1 genes, designated A1-a, -b, -c and -d, were cloned from the murine genomic library. The A1-a, -b and -d genes consisted of two exons, whereas the A1-c gene contained 1 bp insertion in the coding region which may result in an aberrant and truncated protein by frame-shift. With the exception of A1-c, the coding regions among A1 genes are highly conserved at >97% at the nucleotide level and at Ͼ96% at the amino acid level. A1-a, -b and -d genes appeared to be expressed specifically in organs containing many neutrophils. In neutrophils, A1-a, -b and -d transcripts were detected at a comparable level. Our data suggest that the multiple A1 genes in mice were generated by gene duplication and each of them may function as antiapoptotic molecules in neutrophils.
Introduction
The development and adult homeostasis of multicellular organisms is controlled by many active gene-regulated process that include cell proliferation, differentiation and cell death. Although the significance of cell death is now appreciated, the mechanism of cell death, especially programmed cell death or apoptosis, has not yet been fully understood (1, 2) . Apoptosis is characterized by morphological changes such as plasma membrane blebbing, cell volume loss, nuclear condensation and fragmentation of DNA at nucleosome intervals (3). Molecular genetics in Caenorhabditis elegans indicated that cell fate is predominantly determined by apoptosis inducers (Ced-3 and Ced-4) and an apoptosis inhibitor (Ced-9) (1). This system is well conserved in mammals, implying its importance in the maintenance of homeostasis and in development. Bcl-2 is a mammalian homolog of C. elegans CED-9 and suppresses many, but not all, forms of apoptosis (4) . A series of molecules including Bcl-x (5), Bax (6), Bad (7), Bak (8) (9) (10) , Bik (11, 12) , Bid (13) , Bcl-w (14) , Mcl-1 (15) Correspondence to: K.-i. Nakayama, Department of Molecular and Cellular Biology, Medical Institute of Bioregulation, Kyushu University, 3-1-1 Maidashi, Higashi-ku, Fukuoka, Fukuoka 812-8582, Japan
Transmitting editor: K. Okumura Received 11 December 1997, accepted 26 January 1998 and A1 (16) were found as Bcl-2-related proteins. They share some of the conserved sequences, called BH (Bcl-2 homology) 1, BH2, BH3 and BH4 domains (17) . A variety of abnormalities in mice deficient for Bcl-2 (18-21), Bcl-x (22, 23) and Bax (24) substantiated that these molecules play critical roles in many organs. In particular, analysis of Bcl-2-and Bcl-x-deficient mice demonstrated that Bcl-2 and Bcl-x are required for the maintenance of the life-span of mature and immature lymphocytes respectively (18) (19) (20) (21) (22) (23) . A1 was originally identified as a novel murine granulocyte macrophage colony stimulating factor (GM-CSF)-inducible gene and structurally similar to Bcl-2. A1 is expressed in thymus, spleen, bone marrow (25) , and specifically in the hematopoietic cell lineages including T h cells, macrophages and neutrophils (16) . Forced expression of the A1 gene in cell lines resulted in inhibition of apoptosis (26) (27) (28) . As far as we know, A1 is the only Bcl-2 family member that is inducible by inflammatory cytokines, tumor necrosis factor-α and IL-1β.
To understand the physiological importance of A1, we created mice lacking A1 (A1-a, according to our designation) (A. Hamasaki et al., submitted). Apoptosis of neutrophils in the mutant mice was significantly elevated, suggesting the anti-apoptotic function of A1 in neutrophils in vivo.
In the process of analysis of the gene organization, we found that there exist four closely-related genes for A1. We designated the original A1 as A1-a, and the others as A1-b, -c and -d. Here we report the structural characterization and expression of these multiple A1 genes. The biological importance and the evolutionary aspect of gene structure are discussed.
Methods
Cloning of A1 genomic DNA An A1 cDNA fragment was amplified by PCR from mouse 129/Sv thymus first-strand cDNA. The upstream primer was 5Ј-GGCTGAGCACTACCTTCAGTATGT-3Ј and the downstream primer was 5Ј-GCCATCTTCCCAACCTCCATTCTG-3Ј. The 394 bp amplified products were subcloned into the EcoRV site of pBluescriptII SKϩ (Stratagene, La Jolla, CA) and used as probe for genomic library screening. The probe was radiolabeled by random primer labeling kit (Boehringer Mannheim, Indianapolis, IL) and used to screen a 129/Sv murine genomic library in λFIX II (Stratagene) according to the manufacturer's protocol. The final wash was with 0.2ϫSSC containing 0.1% SDS at 68°C. The 17 positive clones out of 2ϫ10 6 plaques were isolated and the inserts of phage clones were subcloned into pBluescriptII SKϩ. Positions of exons were roughly localized by restriction analysis and were defined by DNA sequencing analysis.
Southern analysis
Genomic DNA from mouse C57BL/6 liver was isolated by standard method (29) . The DNA were digested with the restriction enzymes for 24 h. Digested DNA was separated on a 0.7% agarose gel and blotted onto Biodyne B (Pall BioSupport, East Hills, NY). Blots were hybridized with radiolabeled A1 cDNA probe. Washing was done in 0.2ϫSSC containing 0.1% SDS at 68°C (high stringency) or in 0.6ϫSSC containing 0.1% SDS at 55°C (low stringency). Human genomic Southern blot and interspecies Zoo-blot were obtained from Clontech (Palo Alto, CA).
Northern analysis
Murine and human multiple tissues Northern blot (Clontech) were hybridized with the A1 cDNA probe or human β-actin cDNA (Clontech) as a control of RNA content. Washing was done in 2ϫSSC containing 0.1% SDS at 68°C for A1 or in 0.2ϫSSC containing 0.1% SDS at 68°C for β-actin.
Detection of A1 subtype mRNA by RT-PCR
To detect A1 mRNA, total RNA (1 µg) isolated from neutrophils was reverse transcribed with AMV RT (Takara, Ohtsu, Japan) using oligo-dT primers. The first-strand cDNA synthesis reactions were amplified in 50 µl reactions using primers (5Ј-AATTCCAACAGCCTCCAGATATG-3Ј, 5Ј-GAAACAAAATATC-TGCAACTCTGG-3Ј) and 0.625 U Ex-Taq polymerase (Takara) in a DNA thermal cycler (Perkin-Elmer, Foster City, CA). PCR products were digested by 10 U of restriction enzymes, BglII and NsiI (Boehringer Mannheim), to distinguish each subtype from others, and then electrophoresed on 2% agarose gels. The image of the agarose gel was captured by densitometry and relative quantification of each band was determined by NIH image analysis.
Results

Southern analysis of A1 gene
Using A1 cDNA as a probe, Southern analysis was performed on murine (C57BL/6) genomic DNA digested by various restriction enzymes (Fig. 1A ). This probe designated as A1-a was reported as the A1 cDNA described previously (16) . The DNA digested with restriction enzymes which do not have sites within the A1 cDNA showed several hybridization bands. Since washing was done at high stringency (0.2ϫSSC containing 0.1% SDS at 68°C), it is likely that the multiple bands result from the existence of other genes which share high homology to A1. To examine the interspecific conservation of the A1 gene, Southern analysis were carried out with EcoRI-digested genomic DNA from various organisms (Fig. 1B) . The A1 cDNA probe hybridized to human, monkey, rat and mouse genomic DNA, indicating that the A1 gene is conserved among some mammals. However, mouse was the only species which showed several signals. An extra signal (4.2 kbp) in the mouse (BALB/c) lane (Fig. 1B) did not appear in Southern analysis using C57BL/6 ( Fig. 1A) and 129/Sv (data not shown) genomic DNA, suggesting that some polymorphism among mouse strains may exist in the murine A1 gene. Then we analyzed the human A1 homolog by Southern or Northern blot analysis. The Southern blot analysis using several restriction enzymes indicated the existence of a single A1 homolog gene in the human genome (Fig. 1C) . These data suggest that although the A1 gene is highly conserved among species, multiple A1 genes were generated, probably due to gene duplication only in mice.
Tissue expression of A1
It has been reported that murine A1 is expressed in several hematopoietic cell lineages including T h cells, macrophages and neutrophils which distribute in thymus, spleen and bone marrow (16) . In addition, we also detected strong expression of the A1 transcript in tissues containing numerous leukocytes, as seen in lung using A1-a cDNA as a probe (Fig. 2A) . The A1-a probe can detect mRNAs from other A1 genes as these nucleotide sequences have high homology (Fig. 4A) . In humans, the human A1 homolog was expressed strongly in peripheral blood leukocytes, and at low levels in lung and spleen, indicating the human A1 homolog is also expressed in hematopoietic lineages (Fig. 2B) . The expression of murine and human A1 mRNA in lung may represent A1 transcripts from macrophages and leukocytes present in lung.
Cloning of murine A1 gene Genomic clones were isolated by screening a murine genomic phage library with the murine A1 cDNA probe. The A1 genomic clones that we isolated could be grouped into in four classes, designated as A1-a, -b, -c and -d (Fig. 3) . Restriction mapping analysis indicated that these four A1 genes could account for all bands seen in the murine A1 genomic Southern blot (Fig. 1A) , confirming the presence of multiple A1 genes in mice. A1-a, -b and -d genes including all exons encoding the entire coding region were isolated. A1 genes consisted of two exons, though we have not isolated the A1-c putative exon 2. The second exon of the A1-c gene would be an untranslated region if present, because a premature termination codon appears in the reading frame in exon 1 by frame-shift as described below. For A1-a, -b and -d genes, exon 1 contains 82% of the open reading frame (ORF) and exon 2 encodes the remaining 18% of the ORF. The exons were flanked by appropriate consensus donor or acceptor sequences for mRNA splicing. The nucleotide sequence of all A1 exons and the flanked regions were determined (Fig. 4A) . The sequence analysis indicated that A1-a, -b and -d genes have the same ORF size, and encode the BH1 and BH2 domains, which may be significant for dimerization with A1 itself or other Bcl-2 family members (Fig. 4B) . On the other hand, a 1 bp insertion (nucleotide 438 in Fig. 4A ) in the A1-c gene caused a frame-shift resulting in an aberrant and truncated A1-c protein containing only the BH1 domain (Fig. 4B) . The ORF sequences among the A1-a, -b and -d genes shows Ͼ97% identity at the nucleotide level and Ͼ96% identity at the amino acid level (Fig. 4C) . The percentage homologies of the entire coding region between A1-c and other A1 genes are lower than those among A1-a, -b and -d genes, although the homologies at the nucleotide level in only exon 1 between A1-c and other A1 genes are as high as that among A1-a, -b and -d genes.
Relative expression level of each A1 subtype
To examine the relative amount of mRNA expression of the A1 subtypes, classification and relative quantitation were carried out. Briefly, RNA prepared from C57BL/6 and 129/Sv mouse neutrophils was subjected to RT-PCR. The nucleotide sequences of the primers used for RT-PCR were the same as each other and the length of the resultant products was also identical. In addition, the region amplified by these primers has Ͼ96% identity among these cDNAs. Thus, the melting temperature and other conditions for the PCR amplification should be indistinguishable, suggesting that the amplification efficiency is virtually identical. In spite of high similarity among the A1 subtypes, we found that a NsiI site is present only in the A1-a coding region. Moreover, a BglII site is present in A1-a and -d, but not in A1-b cDNA. Thus, diagnostic digestion of the amplified products (743 bp) with NsiI and/or BglII could distinguish the three A1 subtypes (Fig. 5A) . The products originating from A1-a cDNA should be digested by NsiI into two fragments, 612 and 131 bp, digested by BglII into two fragments, 602 and 141 bp, or double digested by Nsi I and BglII into three fragments, 131, 141 and 471 bp; A1-b cDNA should be digested by neither BglII nor NsiI; A1-d cDNA should be digested by BglII into two fragments, 602 and 141 bp (Fig. 5B) . A1-c was excluded because it might be a pseudogene or a gene encoding an aberrant protein. Although A1-c could possibly have produced the same length as the PCR product of A1-a by this method, the expression of A1-c could not be detected in the neutrophils obtained from the A1-a gene-ablated mice (A. Hamasaki et al., submitted). A1-b and -d were found to be expressed at comparable levels in the absence of the A1-a gene. This finding strongly supports the idea that A1-c is not expressed, at least in neutrophils of wild-type mice. The relative expression level of each A1 subtype determined by NIH image analysis is summarized in Table 1 . As shown in Table 1 , both C57BL/6 and 129/Sv mouse neutrophils expressed all three subtypes, A1-a, -b, and -d, at a comparable level. On the other hand, there was no expression of A1-a mRNA on C57BL/6 mice peripheral blood mononuclear cells (A. Hamasaki, unpublished result).
Discussion
The A1 gene is closely related by sequence homology to the members of the bcl-2 gene family (bcl-2, bcl-x, bax, bad, bak, bik, bid, bcl-w and mcl-1) (4) . These bcl-2-related genes are believed to be regulators of apoptotic cell death. Our Southern analysis indicates that the murine A1 gene constitutes a gene family or cluster. The A1 cDNA designated as A1-a by us is identical to that reported by Lin et al. (16) . In this paper, we isolated three additional A1 genes; one of them, A1-c, may be a pseudogene or a gene encoding an aberrant protein due to a single base pair insertion causing a frame-shift in the coding region. The nucleotide and amino acid sequences of coding region among A1-a, -b and -d genes showed strikingly high identity (Ͼ97%), indicating A1 genes are most likely derived from a common ancestor gene. Given that all A1 subtypes are expressed, a single band appearing in Northern blot analysis in mice ( Fig. 2A ) may indicate that all A1 genes have indistinguishable transcript sizes. Furthermore, Southern analysis using genomic DNA from various organisms showed that a murine A1 cDNA probe hybridized to human, monkey, rat and mouse genomic DNA, indicating the A1 gene is conserved among some mammals. However, mouse was the only species which showed the existence of several A1 genes. Thus, taken together with the high similarities among A1 subtypes, it is highly likely that the duplications of A1 genes in mice occurred recently. The exon/intron structure of A1 genes is very similar to that of bcl-2 and bcl-x genes in which the coding region is divided into two exons (5Ј and 3Ј exons) (18, 22, 30) . The common feature among bcl-2, bcl-x and A1 genes is that the intron between 5Ј and 3Ј exons is intervened within the BH2 domain just after the Gly-Gly-Trp motif highly conserved in most of the Bcl-2 family members. This intron is extremely large (Ͼ300 kb) in the bcl-2 gene, whereas the corresponding introns in murine A1 genes are not so large (~4.5 kbp in the A1-a gene, and 7 kbp in the A1-b and -d genes) (31) . The bax gene also possesses an intron at the identical position, although the 5Ј-coding region is divided into five different exons (6) . This characteristic common to all of the bcl-2 gene family implies that this gene family may have evolved from a common ancestor gene by gene duplication. The putative mechanism for gene duplication of the bcl-2 gene family might contribute to the formation of the multiple A1 genes in mice.
It has been reported that the original A1 (A1-a) functions as an anti-apoptotic molecule when the A1 gene is overexpressed by transfection (26) (27) (28) . We also tested for the ability of A1-b cDNA to inhibit apoptosis by gene transfer into FL5.12, an IL-3-dependent hematopoietic cell line. Forced expression of A1-b substantially suppressed apoptosis in FL5.12 when IL-3 was withdrawn from the culture medium (data not shown). This indicated that A1-b was also an antiapoptotic molecule as well as A1-a. The functional analysis of A1-c and -d is in progress.
Northern analysis demonstrated that the human A1 was expressed in hematopoietic tissues (peripheral blood lymphocytes and spleen), but not in thymus. This data may indicate the human A1 is not expressed in T-lineage cells, although murine A1 is expressed in thymus abundantly. It would be interesting to determine whether there is a temporal or tissuespecific pattern of expression for each of the murine A1 proteins and whether there are different expression levels for the A1 genes. However, the anticipated technical limitation is the difficulty in raising antibodies specific for a certain A1 subtype because of the extreme similarity among them. In this study we clarified the expression levels of each A1 subtype in neutrophils using the semi-quantitative competitive RT-PCR method. Gene targeting experiments will provide important information regarding the precise role of these genes with respect to apoptotic cell death and hematopoiesis. We have created A1-a gene-ablated mice (A. Hamasaki et al., submitted). We had expected that no obvious abnormality was seen in neutrophils because all A1-a, -b, and -d are expressed in neutrophils at a similar level (Fig. 5 and Table 1) . However, surprisingly, the sensitivity to apoptosis in neutrophils was significantly affected in the mutant mice in spite of unaltered expression of other A1 genes. This observation may suggest subtype-specific roles of the A1 gene in vivo.
Gene targeting of other A1 subtypes, as well as biochemical analyses, will address this issue.
